Arabidopsis thaliana possesses 5 eubacteria-derived and nuclear-encoded genes, AtFt- 
Two evolutionarily discontinuous mechanisms are believed to regulate the process of chloroplast division: the FtsZ/MinD-based `conservative' system, derived from the eubacterial cell-division machinery (Osteryoung and McAndrew 2001) , and the plastid-dividing ring-based `innovative' system, acquired upon the establishment of chloroplasts as a cellular organelle (Miyagishima et al. 2001a, b) . Complete genome sequencing of Arabidopsis thaliana (Arabidopsis Genome Initiative 2000) revealed that this species possesses 5 nuclear-encoded components for the conservative chloroplast division system: 3 ftsZ homologues, AtFtsZ1-1, AtFtsZ2-1, and AtFtsZ2-2 (Osteryoung et al. 1998) ; one minD homologue, AtMinD1 (Colletti et al. 2000 , Kanamaru et al. 2000 ; and one minE homologue, AtMinEl (Itoh et al. 2001) . MinE is a component of the eubacterial septum sitedetermining Min system, which serves to prevent the MinCD division inhibitory complex from blocking division at the proper midcell site, while permitting MinCD to prevent division at other potential division sites. Consequently, constriction is confined to the midcell in the presence of MinC, MinD, and MinE (de Boer et al. 1989) . Earlier work demonstrated that AtMinE 1 targeted chloroplasts, and that overexpression of the AtMinEl gene reduced chloroplast number, but resulted in chloroplast enlargement (Itoh et al. 2001) . These results demonstrated the critical role of AtMinEl in chloroplast division. However, it remained unclear whether a decrease in AtMinEl expression would similarly repress chloroplast division. To clarify this point, 7 stable Arabidopsis transformant lines, which ectopically and constitutively expressed the AtMinEl antisense transgene, were generated and used for chloroplast study.
Materials and methods

Plant material
Seeds of Arabidopsis thaliana ecotype Columbia (Col-0) were purchased from Lehle Seeds (Round Rock, TX, USA).
Construction of transgenic plants
To overexpress the antisense AtMinEl transcript under the control of the cauliflower mosaic virus (CaMV) 35S promoter in Arabidopsis, a cDNA fragment was PCR-amplified using a reverse primer 5'-CGGGATCCAGCAAATAAATCTAAGACTGTG-3' and a forward primer 5'-TTCTC-CGGCGAGCTCTTTCAAGTTTCTCGG-3' . This fragment was digested with BamHI and SacI (sites indicated by underlines) and ligated in the antisense orientation into the same restriction sites of pBI121 (TOYOBO, Tokyo, Japan). This plasmid was used for stable transformation of Arabidopsis with Agrobacterium tumefaciens as described previously (Itoh et al. 2001 ).
Quantitative reverse transcription (RT)-PCR
Total RNA isolation, real-time PCR, and estimation of the transcript levels were performed as previously described (Itoh et al. 2001) . To quantitate the levels of sense and antisense AtMinEl transcript, 2 #M of either an antisense gene-specific primer (GSP) 5' -CCCGGGCCAGCAAATAA-ATCTAAGACTGTGCC-3' or a sense GSP 5' -GTCGACCCGGGCGAGCAATTTCAAGTTTCTC-GG-3' were respectively used for the first-strand cDNA synthesis.
Microscopy
A fluorescence microscope (IX70; Olympus, Tokyo, Japan) with a color CCD camera (DP50-C; Olympus) attachment was used for the observation of chloroplasts. Chloroplasts in foliage leaves and petioles were visualized using the red autofluorescence of chlorophyll under excitation by violet light (400-410 nm). Incorporated images from the microscopy were processed using Adobe Photoshop version 6.0 (Adobe Systems, San Jose, CA, USA).
Results and discussion
Earlier work showed that overexpression of AtMinEl has an inhibitory effect on chloroplast division (Itoh et al. 2001) , and clearly demonstrated the critical role of AtMinEl in chloroplast division. The possibility that the inhibition of chloroplast division in the transgenics in which AtMinEl was overexpressed was due to a large aggregate of MinE proteins imported into chloroplasts could not be overlooked. This type of inhibition would be the result of the proteins behaving as a physical obstacle, rather than by disruption of the chloroplast division machinery per se. To further confirm the necessity for MinE in chloroplast division, a transformation vector containing the coding region of AtMinEl cDNA in the antisense orientation under the control of the CaMV 35S promoter was constructed. This vector was introduced into Arabidopsis plants, resulting in the generation of 7 kanamycin-resistant lines. Quantitative RT PCR revealed that the transgenic plants had approximately one quarter to one third the number of AtMinEl sense transcripts compared to the wild type, while AtMinEl antisense transcripts were increased by at least 3,000-fold over the wild type in the transgenic plants (Fig. 1) . These lines, named mEas (for minE-antisense), appeared phenotypically normal, when compared to the wild-type plants, with respect to overall appearance, growth, flowering, and fertility (data not shown). Nevertheless, microscopic observation of chloroplasts, visualized by chlorophyll autofluorescence, revealed that chloroplasts in mEas were much larger and fewer in number than in wild-type plants (Fig. 2) . Such enlargement, when combined with a reduction in chloroplast number, is typical of inhibition of chloroplast division. Combined with the earlier results, it appears that the normal control of chloroplast division requires a proper level of AtMinEl expression: both a 7-fold increase and 3-fold decrease in AtMinEl transcripts significantly reduced the frequency of chloroplast division. 
